Edited by Patrick Sung G-quadruplexes (G4s) are four-stranded DNA structures formed by Hoogsteen base pairing between stacked sets of four guanines. Pif1 helicase plays critical roles in suppressing genomic instability in the yeast Saccharomyces cerevisiae by resolving G4s. However, the structural properties of G4s in S. cerevisiae and the substrate preference of Pif1 for different G4s remain unknown. Here, using CD spectroscopy and 83 G4 motifs from S. cerevisiae ranging in length from 30 to 60 nucleotides, we first show that G4 structures can be formed with a broad range of loop sizes in vitro and that a parallel conformation is favored. Using single-molecule FRET analysis, we then systematically addressed Pif1-mediated unwinding of various G4s and found that Pif1 is sensitive to G4 stability. Moreover, Pif1 preferentially unfolded antiparallel G4s rather than parallel G4s having similar stability. Furthermore, our results indicate that most G4 structures in S. cerevisiae sequences have long loops and can be efficiently unfolded by Pif1 because of their low stability. However, we also found that G4 structures with short loops can be barely unfolded. This study highlights the formidable capability of Pif1 to resolve the majority of G4s in S. cerevisiae sequences, narrows the fractions of G4s that may be challenging for genomic stability, and provides a framework for understanding the influence of different G4s on genomic stability via their processing by Pif1.
G-quadruplex (G4) 2 structures function in multiple cellular processes, including DNA replication, transcription, and telomere maintenance (1, 2) . A high-resolution sequencing-based method has identified 716,310 G4 structures in human genome, highlighting the importance of G4 structure for genome stability (3) . In Saccharomyces cerevisiae genome, bioinformatics studies have found enrichment of G4 motifs in upstream promoter regions, open reading frames (ORFs), ribosomal DNA, mitochondrial DNA, and meiotic double-strand breaks (DSBs) (4, 5) . The number of intramolecular G4-forming motifs increases significantly with the lengthening of the window size from 30 to 50 nt (143-854 G4s) (4) . In a similar study, the overall number of G4 DNA motifs was estimated to be 668 with loop threshold in the range of 5-50 nt (5) . However, it is still unknown how many G4 motifs in those predicted sequences from S. cerevisiae genome may actually fold into G4 structures. In addition, their structural properties, including thermal stability and folding conformation, are also to be determined.
Pif1 helicase plays critical roles in preventing replication pausing and DSBs at G4 structures in S. cerevisiae (6 -8) . With its strong unwinding activity, Pif1 stands out among the helicases that can resolve G4 structures in vivo and in vitro (8 -14) . The observation that, in Pif1-deficient strain, failure to unravel G4 structures leads to replication-fork impairment, unusual epigenetic silencing, and gross chromosomal rearrangement highlights the essential function of Pif1 in rescuing the genome from the negative effects of G4 (9, 15, 16) . By introducing human G4-forming minisatellite CEB1 into S. cerevisiae genome, Piazza et al. (12) discovered that phenanthroline DC (Phen-DC) compounds specifically induce recombination-dependent DNA rearrangement, suggesting that Pif1 may not be able to resolve those stabilized G4 structures. Minisatellites of CEB25 variants with short loop length and high thermal stability have also been shown to trigger genomic instability in S. cerevisiae (17) . In those studies, exogenous G4 structures were used to probe the functions of G4s in genomic stability. However, whether Pif1 is capable of resolving all kinds of endogenous G4 structures in S. cerevisiae or whether Pif1 just preferentially unfolds specific G4s is still unknown. Paeschke et al. (16) reported that only 25% of G4 motifs were associated with Pif1 in the S. cerevisiae genome. In addition, several other helicases in S. cerevisiae, including Sgs1, Srs2, Dna2, and Rrm3, have also been discovered to unfold G4 structures (9) . This evidence suggests that different helicases may be responsible for processing different G4 structures in S. cerevisiae. Therefore, a systematic study of Pif1 unwinding activity toward various G4 structures in vitro may provide insight into its in vivo G4 substrates in S. cerevisiae.
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cro ARTICLE over, Pif1 participates in mitochondrial DNA recombination, replication, and maintenance (18) , and Pif1 has been indicated to be part of the mitochondrial replisome (19) . Some of those functions require Pif1 to translocate on ssDNA and unwind duplex DNA into single strands (20) . However, formation of G4 structures may directly affect the activity of Pif1 to unwind the downstream duplex. Therefore, studying the impact of G4 structures on Pif1 activity will be important to understand how G4 structures can modulate the rate of DNA transactions such as mitochondrial DNA replication in S. cerevisiae. We have shown that for a G4-duplex conjugate, at low protein concentration, monomeric Pif1 unfolds G4 structures repetitively in successive runs but without further unwinding the downstream duplex as Pif1 dimerization is required for optimal duplex DNA unwinding (14) . At high protein concentration, G4 structure is able to stimulate Pif1-catalyzed downstream duplex unwinding (21) . Of note, those experiments were performed in 50 mM NaCl with human telomeric G4 sequence, resulting in a less stabilized G4 structure. In contrast, Pif1 was reported to unfold the parallel c-Myc G4 more slowly relative to unwinding of duplex in 50 mM KCl (22) . Mendoza et al. (23) also demonstrated that a stable intramolecular G4 can resist unfolding by Pif1 helicase in 100 mM KCl. Therefore, whether G4 structures with different thermal stabilities or folding conformations can stimulate or impair Pif1 activity is still controversial.
In this study, we first showed that sequences from S. cerevisiae can form G4 structures with a broad range of loop sizes in vitro. They may adopt different conformations, but parallel form is favored. In addition, their thermal stability gradually decreases with increasing G4 motif length. Afterward, we characterized Pif1 unwinding activity toward various G4 structures systematically. We showed that Pif1 is sensitive to the stability of G4, and downstream duplex unwinding is limited by how fast G4 structure is unfolded. In addition, Pif1 preferentially unwinds antiparallel G4s over parallel G4s with similar stability, and conformation is most influential for G4s with very high stability. More importantly, we discovered that Pif1 should be able to efficiently resolve the majority of G4 structures in S. cerevisiae because of their low thermal stability. However, Pif1 demonstrates very poor activity toward G4 structures with short loops as a result of their high stability and parallel conformation, suggesting this kind of G4 may be resolved by other helicases, or additional in vivo factors may assist Pif1 to remove them. The present work sheds new light on the formation and structural properties of G4s in S. cerevisiae and reveals the factors that may influence their removal by Pif1.
Results

Sequences from S. cerevisiae can form G4 structures with a broad range of loop sizes in vitro
Hershman et al. (4) have predicted the DNA sequences with G4-forming potential in S. cerevisiae genome using a bioinformatics method. Based on their results, we analyzed the features of G4 motifs from 15 to 60 nt. Fig. S1A demonstrates that the number of G4 motifs increases significantly with increasing sequence length. In particular, there are a large number of G4 motifs with a sequence longer than 30 nt. However, it is still unknown how many of those predicted G4 motifs actually fold into G4 structures. To this end, 83 G4 motifs were randomly selected from S. cerevisiae (Table S2) (4) , and their folding properties were examined by circular dichroism (CD). It is generally accepted that parallel G4 will generate a characteristic maximum near 265 nm and a minimum near 240 nm. Antiparallel G4 has a distinct spectrum with a maximum near 290 nm accompanied by a minimum near 260 nm (24) . In-depth studies further demonstrated that the CD profile depends mainly on the type of stacking, including anti-anti, syn-syn, anti-syn, and syn-anti, between G-tetrads rather than the strand orientations, and quantitative secondary structural information may be obtained by analyzing the CD profile to resolve the components in a mixture of topologies (25, 26) . According to previous reports (27) (28) (29) , besides the parallel conformation with double chain reversal loops, antiparallel with all lateral loops, antiparallel with lateral-diagonal-lateral loops, hybrid with double chain reversal-lateral-lateral loops, and hybrid with lateral-lateral-double chain reversal loops have also been found experimentally.
The CD spectra in Fig. S2 demonstrate that G4 structures can indeed be formed in 41 of those G4 motifs with a broad range of loop sizes. For instance, one single loop can be as long as 20, 27, or more than 30 nt, updating our knowledge about the loop length of G4 structures. We then chose 10 sequences from Fig.  S2 and further confirmed the formation of G4 structures with an engineered, structure-specific antibody that binds with high selectivity to G4 structure (30) . Fig. S3 shows that although ssDNA fails to bind to the antibody, those G4s with 30 -55-nt sequences can bind well to the antibody, indicating G4 structures can indeed be formed, consistent with the results of CD spectra. Next, we determined the fractions of G4 motifs that can fold into G4 structures based on the CD spectra. The number of sequences with G4 formation was divided by the total number of sequences with a specific G4 length in Table S2 , generating the folding fraction. Fig. 1A shows that G4 structures are formed in all of the 30-nt G4 motifs; however, the probability of G4 formation decreases gradually as the sequence length increases. For the 45-nt G4 motifs, 50% of the sequences can be folded, whereas none of the sequences are folded once the length reaches 60 nt, indicating that G4 structures with sequences longer than 60 nt may not exist in S. cerevisiae. Fig.  S2 also demonstrates that, based on the folding conformation, those G4 structures can be classified as mainly parallel, a mixture of parallel and antiparallel with similar fractions, and mainly antiparallel. Fig. 1B shows that the majority of the sequences adopt a mainly parallel conformation, suggesting that parallel G4 topology is favored in S. cerevisiae. Previous studies reported that parallel G4 structures are only present when the loops are too short to accommodate the antiparallel conformation (24, (31) (32) (33) . In those studies, the loops were usually pure thymine. Fig. S4 demonstrates that G4 motifs with the same loop length but different loop sequence can indeed fold into different conformational G4 structures, and G4 motifs with poly(T) loops mainly adopt an antiparallel conformation, consistent with previous results (24, (31) (32) (33) . Therefore, the preference of parallel conformation in S. cerevisiae may be
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related to loop sequences that are particularly rich in thymine and guanine (Table S2 ).
The thermal stability of those G4 structures has also been characterized by fluorescence resonance energy transfer (FRET) melting assay (34) . G4 sequences were modified by donor and acceptor pairs (FAM and TAMRA) at both ends. The unfolding of G4 with increasing temperature will lead to an increased emission intensity in FAM. For each specific G4 length, two or three sequences (Table S1 ) were selected from the motifs that can fold into G4 structures. Fig. 1C shows that G4 stability decreases as the sequence becomes longer. For 32-3-3 with a 50-nt length, the melting temperature (T m ) is 40.6°C in 100 mM KCl, which is much lower than the 60.1°C value for three-layered G4 with 3-3-3 loops (named 3G4) in the same buffer (Table S3 ). The above results reflect that G4 structures with long DNA sequences in S. cerevisiae may have lower thermal stability.
Pif1 unfolds different G4 structures with different efficiencies
After characterizing the formation and structural properties of G4s in S. cerevisiae sequences, we wanted to address how these structures with different thermal stabilities and conformational diversity are resolved by Pif1. As Paeschke et al. (16) reported that only a portion of G4 motifs were associated with Pif1 in S. cerevisiae, we hypothesized that Pif1 may be sensitive to the structural properties of G4s and preferentially act on specific G4 structures. We first determined whether Pif1 indeed reacts differently toward different G4 structures with varied G-tetrad layers or loop lengths using a fluorescently labeled substrate as described under "Experimental procedures." The substrate contains a G4 structure with a 5Ј tail of 26-nt ssDNA and a 3Ј tail of 17-bp dsDNA, mimicking the ongoing synthesis of a leading or lagging strand stalled by G4 structure. The substrate was labeled with Cy3 at the 26th nucleotide from the 5Ј end in the G4 strand and with Cy5 at the fifth nucleotide from the 3Ј end in the complementary strand ( Fig.  2A , C, E, and G, left panels). This spacing of the fluorophores ensured that the FRET signal may sensitively report the conformational change of G4 structure, and the simultaneous disappearance of Cy3 and Cy5 signals would reflect the escape of the unwound DNA from the coverslip.
G4 structure in s 26 3G4d 17 can be well-formed in 25 mM Tris-HCl, pH 7.5, containing 50 mM NaCl as shown in our previous study (14) . Therefore, this buffer condition was adopted in the unfolding study in the beginning. The FRET distribution of s 26 3G4d 17 is composed of a major Gaussian peak around 0.95, corresponding to the well-folded G4 structure ( Fig. 2A , right panel). In the presence of 5 nM Pif1 and 25 M ATP, the high E FRET population decreases accompanied by an increase of low E FRET populations, suggesting the disruption of G4 structure by Pif1. The individual FRET trajectory shows several cycles of repetitive G4 unfolding without duplex unwinding, consistent with our previous report (14) , as Pif1 monomer is able to resolve the G4 structure, but dimer would be required for optimal duplex unwinding (35, 36) . Fig. 2 , C-F, demonstrate that a fourlayered G4 and a five-layered G4 (named 4G4 and 5G4) can both be disrupted as efficiently as 3G4. It is worth noting that 89.6% of 3G4, 90.8% of 4G4, and 90.6% of 5G4 show the dynamic behavior in 2 min; however, a three-layered G4 named 1-1-1, which has been reported to have a parallel conformation with strong thermal stability (17) , was barely disrupted (Fig. 2 , G-H). Altogether, the above results clearly indicate that Pif1 responds differently toward different G4 structures.
Unwinding of the downstream duplex is limited by how fast G4 structure is unfolded
We have shown previously that, in 50 mM NaCl, 3G4 with 3-3-3 loops stimulates Pif1-catalyzed downstream duplex DNA unwinding through reducing the waiting time for Pif1 dimerization at the ss/dsDNA junction (21) . Here, we further probed whether the unwinding of downstream duplex DNA is stimulated differently by different G4 structures. To observe the unwinding of duplex DNA, 80 nM Pif1 and 2 mM ATP were introduced to DNA substrates. We first determined the unwinding fractions by counting the number of Cy5 spots over time with various DNA substrates. Fig. 3A demonstrates that the remaining fractions decrease with time for all DNA substrates to a different degree. The differences between the remaining fractions of s 26 3G4d 17 , s 26 4G4d 17 , s 26 5G4d 17 , and the partial duplex s 47 d 17 are not significant within the error of the measurement. However, the unwinding of s 26 1-1-1d 17 is much worse than the unwinding of s 47 d 17 . A, the fractions of G4 motifs that can form G4 structures decrease with increasing sequence length. B, G4 structures in S. cerevisiae sequences can adopt different conformations, and parallel conformation is favored. C, the stability of G4 structure decreases with increasing sequence length. For each specific length from 30 to 50 nt, two to three sequences in Table  S1 were measured by FRET melting. The average T m and standard deviation values are plotted. Error bars represent S.D. Their stabilities are lower than that of 3G4 with three 3-nt loops (21 nt in G4 motif length).
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By inspecting individual FRET traces, we found that upon addition of Pif1, the FRET values for s 26 3G4d 17 , s 26 4G4d 17 , and s 26 5G4d 17 decrease from ϳ0.9 to ϳ0.3 and then remain at a stable level until the Cy3 and Cy5 signals suddenly disappear simultaneously, reflecting the separation of two DNA strands (Ref. 21 , Fig. 3B, and Fig. S5A ). In this condition, repetitive G4 unfolding/refolding cannot be observed as in Fig. 2 ; instead, G4 is kept at linear status until duplex unwinding because once Table S1 . Each FRET histogram was constructed from more than 300 traces. B, D, F, and H, representative FRET traces for Pif1-catalyzed unfolding of different DNA substrates. 
G4 is refolded it will be unfolded rapidly due to the high Pif1 concentration. The time from G4 disruption to final duplex unwinding was designated as the waiting time. During this time, Pif1 undergoes dimerization at the ss/ds DNA junction as a monomeric Pif1 can unfold the G4 structure (13, 14) , but a dimer would be required to unwind the duplex optimally (21, 35, 36) . For s 26 1-1-1d 17 , the FRET values of most molecules did not change during the 2-min recording time. The above results suggest that unwinding of the downstream duplex is limited by how fast the G4 structure is unfolded. As the unwinding fractions of duplex DNA with time are convenient to record and quantify, this parameter provides a reliable assessment of how efficiently the upstream G4 structure is unfolded.
Pif1 is sensitive to the thermal stability of G4 structures
As Pif1 unfolds different G4 structures with different efficiencies, we further explored the factors that may influence the unfolding activity of Pif1, including the substrate binding affinity and G4 structural properties such as thermal stability, folding conformation, and loop sizes. First, the DNA binding properties of Pif1 were characterized under equilibrium conditions using fluorescence anisotropy measurements (37) . The DNA constructs were the same as those used in the single-molecule FRET experiments but had a FAM fluorophore attached to the 5Ј end of the stem strand instead of Cy3 and Cy5 (Fig. S6A , inset). The apparent dissociation constant K D was obtained by fitting the binding curve to the Hill equation. Fig. S6 , A-D, and Table S4 show that no major difference can be detected for the binding of Pif1 to the above substrates in all buffer conditions, suggesting that binding affinity may not be responsible for the discrepancy in Pif1 unfolding efficiency.
Afterward, we probed whether thermal stability may lead to the different unfolding efficiencies of Pif1. The T m values of various G4 structures in different buffer conditions were measured by the FRET melting assay (Fig. S6, E-H) and are summarized in Table S3 . These results show that the thermal stability of 1-1-1 is slightly stronger than that of 5G4 but much stronger than those of 4G4 and 3G4, possibly leading to the differences in unfolding.
Thereafter, we systematically evaluated how G4 stability may affect Pif1-catalyzed G4 and downstream duplex unwinding. Because the G4 structure is known to be more stabilized by K ϩ than by Na ϩ (38), we compared the unwinding in buffers with different ion types and concentrations. Fig. S6 , E-H, demonstrates the melting curves of the above mentioned G4 structures in different buffers. In general, their stabilities all increase with the same trend from 50 mM NaCl to 100 mM KCl (Table  S3 ). Next, we prepared all DNA substrates in 50 -100 mM KCl and characterized their unwinding at 80 nM Pif1 and 2 mM ATP, which should reflect the unfolding efficiency of the upstream G4. The control experiment in Fig. S7 shows that Pif1 unwinds the partial duplex DNA with similar efficiencies in 50 mM NaCl, 50 mM KCl, and 100 mM KCl, indicating that those buffer conditions should not influence the Pif1 activity toward duplex DNA. However, with the increase in G4 thermal stability, the unwinding of s 26 3G4d 17 , s 26 4G4d 17 , and s 26 5G4d 17 becomes worse in 50 mM KCl and 100 mM KCl (Fig. 4, A-C) , suggesting that Pif1 is sensitive to the stability of G4 structure. For s 26 17 , there is a slight decrease in the unwinding fractions in 100 mM KCl, although its unwinding is always poor in all buffers (Fig. 4D ).
Pif1 unfolds antiparallel G4s more efficiently than parallel G4s with similar stability
After characterizing the effects of G4 stability on Pif1 unfolding, we next examined whether Pif1 preferentially unfolds G4s with specific conformations. We measured the CD spectra of s 26 3G4d 17 , s 26 4G4d 17 , s 26 5G4d 17 , and s 26 1-1-1d 17 and obtained the CD signal of pure G4s by separating the contribution of the proximal ssDNA and the duplex from the entire DNA substrates ( Fig. S8A) as the presence of proximal DNA may affect the folding conformation of G4 (38) . Fig. S8, B and C, demonstrate that in either NaCl or KCl, 1-1-1 adopts the parallel conformation; however, 3G4, 4G4, and 5G4 all adopt conformations different from 1-1-1. The CD profiles of 3G4 in NaCl or KCl and 4G4 and 5G4 in NaCl are similar to those of other antiparallel G4s in which each strand is adjacent to two strands oriented in opposite directions (31) . The CD spectra of both 4G4 and 5G4 in KCl display a dominant peak at ϳ290 nm. However, these spectra differ from the typical antiparallel G4 spectra with a small peak near 270 nm or a diminished valley at 260 nm. These spectra are also different from the hybrid G4 spectrum, which displays a maximum near 290 nm accompanied by a shoulder near 260 nm and a minimum near 245 nm (28) . Therefore, besides the antiparallel form, other topologies such as hybrid may also exist, resulting in the complex CD profile. For simplification, here we categorized 3G4, 4G4, and 5G4 as antiparallel G4. However, it should be noted that other conformational forms may also coexist. Fig. 5A demonstrates that the unwinding fractions of antiparallel G4s in 100 mM KCl decrease slightly as the G4 stability increases (T m from 60.1 to above 95°C). For 1-1-1 and two other three-layered parallel G4s, 1-9-1 and 1-2-1, which were 
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named by their loop sizes (Fig. S8D) , with the increase in the T m value from 76.8 to above 95°C, there is a remarkable reduction in the unwinding fractions ( Fig. 5B) .
To determine whether Pif1 indeed exhibits different abilities to unfold antiparallel G4s and parallel G4s, we made two types of comparisons. The first comparison was the unwinding fractions versus time for antiparallel and parallel G4s with approximate T m values. Fig. 5C shows that although the stability of 4G4 in 50 mM KCl is fairly close to that of 1-9-1 in 100 mM KCl, Pif1 apparently unwinds s 26 4G4d 17 better than s 26 1-9-1d 17 , suggesting that Pif1 has stronger unwinding activity for antiparallel G4s. In addition, Fig. 5D demonstrates that although their T m values are both higher than 95°C, the unwinding of s 26 5G4d 17 is much better than that of s 26 1-1-1d 17 in 100 mM KCl. The second comparison was the unwinding fractions versus time of antiparallel G4s with higher T m values than parallel G4s. Fig. 5 , E and F, demonstrate that in some circumstances, even if antiparallel G4 is more stabilized, it can still be better unwound by Pif1, strongly indicating that Pif1 unfolds antiparallel G4s more efficiently than parallel G4s.
Pif1 may efficiently unfold majority of G4 structures in S. cerevisiae
Because the G4 motifs in S. cerevisiae genome display a wide range of loop sizes, next we characterized the effects of different G4 loop lengths on Pif1 unfolding efficiency. Therefore, the loop properties of G4 motifs were analyzed based on the prediction (4). The upper limit for the length of G4 motifs was set as 35, 50, and 60 nt. Fig. S1B demonstrates that as the threshold increases, 85-87% of the G4 motifs possess three loops longer than 2-2-2 G4, and 68 -76%, i.e. majority of the G4 motifs in S. cerevisiae, possess three loops longer than 3G4. The CD spectra in Fig. S9 show that G4 structures with long loops can also be formed in 100 mM KCl in the presence of proximal duplex and ssDNA (Table S1 ). In addition, the parallel conformation is favored, consistent with the results for bare G4 motifs.
Afterward, the unwinding of four randomly selected substrates with the G4 motif lengths from 30 to 50 nt was measured at 80 nM Pif1 in 100 mM KCl. Fig. 6A demonstrates that Pif1 unfolds all of these G4 substrates with higher efficiency than 3G4. In addition, the unfolding efficiency increases obviously with decreased G4 stability. For instance, ϳ70 and ϳ 80% of the molecules can be unwound in 1 min for the 3-10-10 and 32-3-3 G4 substrates, respectively, highlighting the strong activity of Pif1 on G4 structures with long loops. Therefore, we speculate that Pif1 should be able to unfold the majority of the G4 structures in S. cerevisiae as 76% of the G4 motifs from 15 to 60 nt possess three loops longer than 3 nt. As a result, the folded G4 structures usually have lower thermal stability than 3G4 (Fig.  1C ). In addition, these results suggest that conformation may not be a key determinant for the less stabilized G4 structures as those G4s with parallel form can still be removed efficiently by Pif1. However, conformation is most influential for G4 structures with high stability (Fig. 5 ).
Pif1 demonstrates poor activity toward G4 structures with short loops
After characterizing the unfolding of G4 structures with long loops, next we evaluated how Pif1 resolves G4 structures with short loops. Three-layered G4 structures with decreased loop size, including the 3-3-3, 2-2-2, 2-2-1, 1-2-1, and 1-1-1 forms, were chosen. On the one hand, G4 stability becomes stronger with decreasing loop sizes (Table S3 and Fig. 6B ), consistent with a previous report (17) . On the other hand, after the loops are shortened from 3-3-3 to 2-2-2, the three-layered G4 adopts a mixture of antiparallel and parallel conformations instead of mainly antiparallel (Fig. S8D) . Then, with further shortening of the loops into 2-2-1, 1-2-1, and 1-1-1, a single population of 
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parallel G4s is formed. Therefore, loop sizes also have essential effects on the G4 folding conformation. Fig. 6B demonstrates that the unwinding efficiency decreases dramatically with the shortening of G4 loops, most likely due to contributions from both the increased thermal stability and the altered folding conformation.
One may wonder whether the Pif1 unfolding efficiency might be directly influenced by the G4 loop length rather than the folding conformation. Therefore, we compared three-, four-, and five-layered G4 structures with the same loop TA. Notably, although all of these G4 motifs have the same loops, 2-2-2 folds into both antiparallel and parallel conformations (Fig. S8D) , whereas 4G4 and 5G4 mainly adopt the antiparallel form (Fig.  S8C ). Fig. S10 shows that despite their much stronger thermal stabilities, s 26 4G4d 17 and s 26 5G4d 17 both have better unwinding than s 26 2-2-2d 17 . Therefore, it is not the loop sizes but the folding conformation that has a direct impact on Pif1 unfolding ability.
Discussion
Pif1 is an important helicase in S. cerevisiae for promoting DNA replication through G4 obstacles. However, it is still unknown what kinds of G4 structures Pif1 may act on. To answer this question, we first investigated the formation and structural properties of G4 structures in S. cerevisiae and then examined the effects of G4 thermal stability, folding conformation, and loop sizes on Pif1 unfolding activity. We discovered that DNA sequences from S. cerevisiae can form G4 structures with a broad range of loop sizes in vitro, and the parallel conformation is favored. Pif1 is sensitive to both the thermal stability and folding conformation of G4 structures. Importantly, our results suggest that Pif1 may be capable of resolving the majority of G4 structures in S. cerevisiae because of their low thermal stability; however, Pif1 is incapable of handling G4 structures with very short loops, which may pose challenges for genomic stability.
Pif1 responds differently to the stability changes of antiparallel and parallel G4 structures in vitro
In this study, we discovered that as the G4 stability increases for each DNA substrate, the unfolding efficiency of Pif1 decreases as shown in Fig. 4 . Here, we further determined the relationship between G4 stability and unfolding efficiency via the evaluation of various G4 structures with different sequences for antiparallel G4s and parallel G4s separately as the G4 conformation also impacts its unfolding. Fig. S11 demonstrates that for antiparallel G4s, Pif1 is not very sensitive to stability changes in the low T m range. Then, the unfolding efficiency of Pif1 decreases abruptly with a further increase in the G4 stability. Afterward, the unfolding efficiency decreases slightly within a broad T m range. Based on this observation, we speculate that Pif1-catalyzed G4 unfolding can be regulated by subtle changes in G4 stability, either smoothly when acting on the structural stability below a certain threshold or more sharply when the threshold is exceeded.
For parallel G4s, previous studies by extensive mutagenesis of the CEB25 minisatellite motifs revealed that only the variants with very short G4 loops trigger genomic instability in S. cerevisiae (17) . The shortening of loops did not change the monomorphic G4 structure of CEB25 variants but drastically increased its thermal stability in correlation with the in vivo instability (17) . We clearly demonstrated that for CEB25 G4 (1-9-1 in the current study), shortening of the middle loop (1-2-1 and 1-1-1) will increase the thermal stability of G4 without changing the folding conformation and will finally lead to a significant decrease in the unfolding fractions (Fig. 5B ). Therefore, our results provide a direct link between G4 thermal stability and the unfolding efficiency by Pif1 in vitro and may explain the phenotype observed by Piazza et al. (17) that G4 thermal stability is a key determinant for triggering genomic instability by acting as a stable roadblock for the replicative polymerases. In addition to the phenomenon in which in- Fig. 5, A and B , to display the effects of G4 loop lengths on Pif1 unwinding activity. C, summary of the impacts of G4 stability and conformation on Pif1 activity.
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creased thermal stability may lead to lower unwinding fractions as shown in Fig. 5B, Fig. S11 demonstrates that Pif1 unfolds 1-1-1 in 50 mM NaCl with an apparently lower efficiency than other parallel G4 structures with even higher stability, suggesting that Pif1 is especially poor at unfolding G4 with three extremely short loops as well as being affected by the thermal stability and conformation.
Pif1 may act on different G4 structures with the same oligomeric state
Pif1 exists as free monomer in the solution, and ssDNA binding can induce dimerization of Pif1 (35) . For a G4-duplex conjugate, at low protein concentration, the monomeric Pif1 unfolds G4 structures repetitively in successive cycles but without further unwinding the downstream duplex ( Fig. 2) . At high protein concentration, Pif1 first unfolds the G4 structure as a monomer and then dwells at the ss/dsDNA junction with a "waiting time." During this step, Pif1 undergoes dimerization, which is required for optimal duplex DNA unwinding ( Fig. 3) . We have previously discovered that the waiting time decreases with the increase of Pif1 concentration from 80 to 200 nM (12.3-3.0 s) (21) . Therefore, even at very high concentration, Pif1 may also unfold G4 structure as a monomer; otherwise, there would not be the waiting step for protein dimerization.
In the current study, we further discovered that the unwinding behavior of Pif1 is similar on different G4 substrates. For instance, at low protein concentration, Pif1 unfolds the G4 structure with long loops similarly as s 26 3G4d 17 (Fig. S12A ). In addition, at high Pif1 concentration, G4 substrates with different stability or different conformations all display the similar unwinding phenomenon, characterized by a waiting step before duplex unwinding (Ref. 21, Fig. 3B, Fig. S5A, and Fig. S12, B-D) . Therefore, we speculate that Pif1 acts on the different G4 structures with the same oligomeric state.
G4 structure can either stimulate or impede the unwinding activity of Pif1
The waiting time of Pif1 varies from one G4 substrate to another. For instance, at 80 nM Pif1 and 2 mM ATP, the waiting periods of s 26 3G4d 17 , s 26 4G4d 17 , and s 26 5G4d 17 are 12.3, 10.6, and 10.0 s, respectively (Ref. 21 and Fig. S5, B and C) . During this step, G4 structure is linearized into the ssDNA strand, and Pif1 undergoes dimerization at the ss/dsDNA junction. We have previously shown that the G-rich DNA sequence without a G4 motif is also able to accelerate Pif1 dimerization, displaying a shorter waiting time than the poly(T) sequence (21) . Therefore, it is likely that the waiting time will gradually decrease with the increase of guanine richness in the DNA sequence (57.1% for 3G4, 72.7% for 4G4, and 76.9% for 5G4).
We have shown previously that 3G4 in 50 mM NaCl can stimulate the downstream duplex unwinding by accelerating Pif1 dimerization on the linearized G4 sequence with the waiting time reduced from 23.3 (poly(T) sequence) to 12.3 s (21) . Here, we further demonstrated that the stimulation effect of G4s on Pif1 occurs just under certain conditions, and G4 structures exist as a roadblock for Pif1 in most cases . When the G4 structure is immediately disrupted by Pif1, the reduced waiting time will lead to better unwinding of downstream duplex (21) . However, once the G4 structure becomes more stabilized or folds into parallel conformation (Fig. S12, B and C) , it cannot be unfolded by Pif1 easily (there is a long period over 10 s before G4 unfolding). As a result, it may exist as an obstacle for Pif1 even though the following waiting step for Pif1 dimerization might be short. Taken together, whether a G4 structure can stimulate or impede the unwinding activity of Pif1 not only depends on the waiting time of Pif1 dimerization but also depends on how long it takes for Pif1 to unfold the G4 structure in the beginning (Fig. S12, E and F) .
Potential biological significance of the sensitivity of Pif1 to the thermal stability and conformation of G4 structures
In S. cerevisiae, G4 motifs may fold into G4 structures with diverse conformations and different thermal stabilities. We discovered that Pif1 can unfold G4 structures with low stability very efficiently for both the parallel and antiparallel conformations ( Fig. S11) , indicating that Pif1 is not very sensitive to the conformation of G4s with low stability (Fig. 6C) . However, the contrast between antiparallel and parallel G4s with high stability is significant ( Fig. S11 ), suggesting that conformation is most influential for highly stable G4 structures (Fig. 6C) . Fig. 6A demonstrates that Pif1 efficiently unfolds the four G4 structures with long loops, suggesting that Pif1 may be able to process the majority of G4 structures in S. cerevisiae as 76% of G4 motifs from 15 to 60 nt have three loops longer than 3G4. Therefore, our results highlight the formidable function of Pif1 in unfolding G4 structures with conformational diversity and different thermal stabilities. According to Paeschke et al. (16) , only 25% of the G4 motifs in S. cerevisiae were associated with Pif1. Our results suggest that this value might be an underestimate for the binding fractions of G4 structures by Pif1, which has also been suggested by Paeschke et al. (16) , as not all G4 motifs in S. cerevisiae can fold into G4 structures (Fig. 1A) .
Based on the bioinformatics prediction, G4 motifs with short loops are rare in S. cerevisiae (4) . For example, there are only four G4 motifs with three 1-nt loops and one G4 motif with two 1-nt loops and one 2-nt loop (17) . As it is very difficult for Pif1 to remove those structures, they may cause a high risk for genomic stability in S. cerevisiae. However, three-layered G4 structures with 1-1-1 and 1-2-1 loops might be efficiently resolved by other helicases such as human RNA helicase associated with AU-rich element (RHAU) (39) . Therefore, it is likely that other helicases in S. cerevisiae, including Sgs1, Srs2, Dna2, and Rrm3 (9), might be responsible for resolving those highly stable parallel G4 structures. Alternatively, other in vivo factors may assist Pif1 to remove these structures. Otherwise, they may cause genomic instability by acting as a stable roadblock for the replicative polymerases. According to Piazza et al. (17) , there are 1172 G4 motifs with three 1-nt loops among the 2,226 total G4 motifs in Caenorhabditis elegans. In the human genome, 18,153 motifs have three 1-nt loops among the 376,000 predicted motifs. These comparisons suggest that the rarity of short-loop G4 motifs in S. cerevisiae could be related to evolutionary selection as their folded structures may be difficult to resolve by helicases in S. cerevisiae.
Modulation of Pif1 unwinding activity by G-quadruplex DNA
Experimental procedures
Buffers
The Pif1 reaction buffer contains 5 mM MgCl 2 and 50 -100 mM NaCl or KCl in 25 mM Tris-HCl, pH 7.5. For single-molecule measurements, 0.8% D-glucose, 1 mg/ml glucose oxidase (266,600 units/g; Sigma), 0.4 mg/ml catalase (2000 -5000 units/ mg; Sigma), and 4 mM Trolox were added to the reaction buffer (40) .
DNA constructs
All oligonucleotides were purchased from Sangon Biotech (Shanghai, China). The sequences and labeling positions of all the oligonucleotides are listed in Table S1 . For the DNA constructs used in single-molecule measurements, DNA was annealed with a 1:2 mixture of the stem and G4 or ssDNA strands by incubating the mixture at 95°C for 5 min and then slowly cooling down to room temperature in about 7 h. The strand without biotin was used in excess to reduce the possibility of having nonannealed strand anchored at the coverslip surface. The concentration of the stem strand was 5 nM, and all annealing procedures were carried out in annealing buffer containing 50 -100 mM NaCl or KCl and 25 mM Tris-HCl, pH 7.5.
Pif1 purification
All of our experiments were performed with S. cerevisiae Pif1, which can be easily expressed and purified in Escherichia coli. The plasmid was a gift from Dr. Zakian. Protein expression and purification were performed essentially according to Boulé and Zakian (41) with minor modifications . Protein expression was induced at 16 instead of 23°C by addition of 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside to a mid-log phase culture.
CD spectropolarimetry
CD experiments were performed with a Bio-Logic MOS450/ AF-CD optical system (Bio-Logic Science Instruments, France). A 2 M solution of G4 sequences from the S. cerevisiae genome in Table S2 was incubated at 95°C for 5 min and then slowly cooled down to room temperature in about 7 h. CD spectra were recorded in the UV (220 -320 nm) regions in 0.75-nm increments with an averaging time of 2 s at 25°C. A 2.5 M solution of DNA in Table S1 was annealed with a 1:1 mixture of the stem and G4 strands by incubating the mixture at 95°C for 5 min followed by slow cooling to room temperature in about 7 h. The CD profile of G4 structure was obtained by subtracting the spectra of the duplex and ssDNA overhangs to separate their contributions as described in a previous study (42) .
FRET melting
FRET melting experiments were conducted with the FAM-TAMRA dual-labeled oligomers listed in Table S1 using a Rotor-Gene Q real-time PCR machine (Qiagen) as described in a previous study (34) . The oligonucleotides were generally measured at 0.5 M strand concentration in 25 mM Tris-HCl, pH 7.5, containing different concentrations of NaCl or KCl. The emission of the FAM fluorophore was normalized between 0 and 1, and the T m was determined as the temperature at which the normalized emission equaled 0.5.
Single-molecule fluorescence data acquisition
Single-molecule fluorescence experiments were performed as described previously (14) . Imaging was initiated before Pif1 and ATP were flowed into the chamber. We used an exposure time of 100 ms for all single-molecule measurements at a constant temperature of 22°C. To determine the fractions of unwound DNA with time, a series of movies were recorded with 1-s duration at different times, and the acceptor Cy5 spots were counted to represent the number of remaining DNA molecules.
FRET data analysis
The FRET efficiency was calculated using I A /(I D ϩ I A ) where I D and I A represent the intensity of donor and acceptor, respectively. Basic data analysis was carried out by scripts written in MATLAB, and all data fitting was performed by Origin 8.0. All fluorescent spots in each movie were selected unless the trace showed a poor signal/noise ratio or the intensity changes of the donor and acceptor did not match well. Each FRET histogram was constructed from more than 300 traces.
Equilibrium DNA-binding assay with G4 antibody and Pif1
The plasmid encoding the gene of G4 antibody was a gift from Dr. Balasubramanian. Protein expression and purification were performed essentially according to Biffi et al. (30) . The binding of protein to DNA was analyzed by a fluorescence polarization assay using Infinite F200 PRO (Tecan group, Switzerland) at 25°C. Various amounts of protein were added to a 150-l aliquot of binding buffer containing 5 nM FAM-labeled DNA. Each sample was allowed to equilibrate in the solution for 5 min after which fluorescence polarization was measured. 
